Exposure of intact alfalfa nodules to`5N2 showed that in bacteroids the greatest flow of '5N was to NH3. Label was also detected in glutamic acid, aspartic acid, and asparagine (Glu, Asp and Asn), but at far lower levels. In the host plant cytosols, more '5N was incorporated into Asn than into other compounds. Detached nodules were also used to study the metabolic pathway of N assimilation after exposure to 'IN2 or vacuum infiltration with (15NH4)2SO4 in the presence or absence of different inhibitors of nitrogen assimilation: methionine sulfoximine (MSO), azaserine (AZA), or amino-oxyacetate (AOA). Treatment with MSO, an inhibitor of glutamine synthetase (GS), inhibited the flow of the label to glutamine (Gln)-amide, resulting in subsequently decreased label in Asnamide. Aza, which inhibits the formation of Glu from Gin by glutamate synthase (GOGAT), enhanced the labeling of the amide groups of both Gln and Asn, while that of Asn-amino decreased. When AOA was used to block the transamination reaction very little label was found in Asp and Asn-amino. The results are consistent with the role of GS/GOGAT in the cytosol for the assimilation of NH3 produced by N2 fixation in the bacteroids of alfalfa nodules. Asn, a major nitrogen transport compound in alfalfa, is mainly synthesized by a Gln-dependent amidation of Asp, according to feeding experiments using the '5N-labeled amide group of glutamine. Data from '5NHW' feeding support some direct amidation of Asp to form Asn.
In legume nodules, the first product ofN2 fixation in bacteroids is NH3. The NH3 is then exported to the host plant cytosol where it is further metabolized to amino acids and amides (1, 9-1 1, 14) .
In vitro enzymic studies indicate that GS/GOGAT2 rather than GDH are involved in the assimilation of NH3 to produce Glu and Gln. The resulting Glu and Gln are utilized to give a variety of amino acids including Asp, and this Asp is amidated by the Gln-dependent AS to form Asn (18, 20, 21) . While information is available from in vitro studies which may be insufficient to explain the authentic metabolic pathway, little in vivo work has been conducted. Ohyama and Kumazawa (14, 15, 16) , Matsumoto et al. (12) , and Fujihara and Yamaguchi (3, 4) using the '"N tracer technique reported the predominent role of GS/GOGAT in the assimilation of N 
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macerate was filtered through double layers of nylon net (25,um).
The filtrate was centrifuged at 6,000g for 15 min and separated into cytosol (supernatant) and bacteroid (pelleted) fractions. The bacteroid fractions were extracted with 80% ethanol as described above.
Separation of NH3, Amino Acids and Amides. NH3 was separated by distillation of the extracts, at 40C (pH 10), into 0.2 N HCI. The sample solution (adjusted to pH 6.5) was then passed through Dowex 1, acetate form. Glu and Asp were eluted separately with 0.1 and 0.5 N acetic acid, respectively. Glutaminase enzyme (from Sigma, grade V) was added to the sample solution and incubated at 30C (pH 5) for 2 h. The resulting NH3 from the Gln-amide group was obtained by distillation as above. The amide group of Asn was separated from the sample solution by using asparaginase enzyme (from Sigma, grade V) incubated at 30C (pH 8) for 2 h; the resulting NH3 was also obtained by distillation. Finally, the amino group of both Gln and Asn was separated from the sample solution in the form of Glu and Asp by using Dowex fractions. NH3 showed a high '5N abundance in bacteroids, while in the cytosol, '5N atom % excess was high in Asp, Glu, Gln, NH3, and Asn (data not shown). This is consistent with the early finding (15) that NH3 is the first product of N2 fixation and that the assimilation of NH3 takes place in the cytosol.
Within 5 min of labeling with '5N2, Asn was the most predominantly labeled compound in the cytosol (Fig. 1) . This pattern became even more evident after 30 min. '5N appeared at onetenth or less of that rate in NH3, Glu, Asp, and Gln in the cytosol, suggesting that Asn can be synthesized very rapidly from newly fixed N2 in the cytosol of nodules. The actual '5N content of Gln was quite low due to its small pool size, and possibly rapid turnover. In the bacteroid fraction, NH3 was the most rapidly labeled substance and it accumulated far more than labeled Asn and Glu. These results agree with enzymic studies (5-8, 13, 18-20, 22) showing that high levels ofGS and GOGAT consistently operate in the cytosol fraction of various legumes, although they also have been detected in the hacteroid fraction at much lower levels (2) . The accumulation rates of '5NH3 in the bacteroids were apparently far lower than those of '5N in various N compounds in the cytosols (Fig. 1) , suggesting NH3 produced from N2 in the bacteroids is exported rapidly into the plant cytosols for further metabolism.
When nodulated roots were transferred to '4N2 after 30 min in 15N2 (Fig. 1) Plant Physiol. Vol. 80, 1986 into various amino acids and amides of alfalfa nodules treated with MSO, AZA, or AOA is presented in Figures 2 and 3 , respectively. "N2 was supplied equally to detached and attached nodules, but the total "N2 fixed was lower in detached nodules due to the known rapid decrease in nitrogenase activity after detachment from root system.
When nodules were treated with MSO (2 mM), an inhibitor of GS, the labeling of NH3 dramatically increased and that of Gln decreased in nodules supplied with either "N2 or "INH3 (Figs. 2   and 3 ). This again indicates the important role of GS in NH3 assimilation. On the other hand, label ofthe amide group of Asn was also depressed as the flow of "N into the same group of Gln declined. An interesting point should be noted here that in the presence of MSO, the flow of "N from both '"N2 and "5NH4' into the amide group of Gln was inhibited by 90%, but that into the same group of Asn was retarded by only 60%. This suggests that NH3 directly contributed to the formation of Asn in alfalfa root nodules, although Gln-amide is the main N donor for amidation of Asp.
AZA (2 mM), an inhibitor of GOGAT, decreased the flow of 15N from either "5N2 or ("NH4)2SO4 into Glu and Asp and also depressed the label of the amino group of Asn (Figs. 2 and 3) . This supports the conclusion of Groat and Vance (5, 6) that GS/ GOGAT are the main enzymes involved in the assimilation of NH3 in alfalfa nodules. Data from Figures 2 and 3 also showed a greater effect of MSO on the incorporation of "5N from 15N2 or "5NH4 into the amide group ofGln (90% inhibition) than into Glu (40% inhibition) suggesting the presence of GDH in alfalfa nodules (5) .
When AOA (4 mM) was used to stop the transamination reaction there was no change in the "5N abundance of Glu, Glnamide, and Asn-amide while that in Asp and Asn-amino was decreased. In other words, the labeling pattern of the amino group of Asn, followed a trend similar to that of Asp.
('"N-Amide)Gln Feeding. When alfalfa nodules were supplied with (15N-amide)Gln (Fig. 4) , the label was rapidly incorporated into the same group of Asn. This is consistent with the role of asparagine synthetase in the formation of Asn by Gln-dependent amidation of Asp. Fujihara and Yamaguchi (4) also reported high efficiency of use of the Gln-amide as N donor for Asn synthesis when soybean nodules were fed with ("IN-amide)Gln. In alfalfa nodules, the label from (15N-amide)Gln was also detected in the amino group ofAsn, Glu, and Asp. Again, treatment with either AZA or AOA resulted in a decrease ofthe label in all these amino acids. This supports the conclusion of an active operation of GOGAT and transaminase in the N assimilation.
In summary, in vivo studies using labeled "5N2 and its intermediate metabolites in combination with different inhibitors of N metabolism have shown that NH3 is the first product of N2 fixation in the bacteroids of alfalfa nodules. This compound is then rapidly exported to the plant cytosols, where it is assimilated mainly via the GS/GOGAT cycle to form Gln and Glu. Besides these two key enzymes for the primary assimilation of NH3, GDH 
